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Preface
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Every piece of metal has a life story.

The copper in a wire was not made on Earth. The iron in a bridge was not made on Earth. The gold in a ring was not made on Earth. Almost all naturally occurring metal atoms were finished long before Earth existed.

They were made in stars.

Some were made in the quiet center of an old star. Some were made in a few seconds during a huge explosion. Some may have been made when two dead stars crashed into each other.

Then those atoms floated in space for a very long time. They joined a cloud of gas and dust. That cloud became the Sun, the planets, and Earth.

Even then the story was not finished. Earth melted. Heavy metals sank. Other metals stayed near the top. Hot rock and hot water moved them around. Rain and rivers moved them again. In a few rare places, one metal became crowded together in one spot.

Only in those rare places can we mine it.

This book follows that whole journey, from the Big Bang to the phone in your pocket.

About this edition. This is a simple English edition. It is written for readers who are meeting this science for the first time. You do not need any chemistry. You do not need any geology. You do not need any mathematics. Every hard word is explained in ordinary language on the page where it first appears.

This book grew out of a longer, more technical manuscript on the transition metals. That fuller treatment is a separate work; this edition stands complete on its own. The science has not been made softer. Only the words have. Where scientists are still arguing, this book says so. Where the answer is well proven, this book says that too. Learning the difference between those two things is part of learning science.
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How to Read This Book
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You can read this book from the first page to the last. That is the way it was built. Each chapter grows out of the one before it.

But you do not have to.

If you only care about mining, start at Part Three. If you only care about phones and batteries, start at Part Four. If you only care about the future, start at Part Five. Each chapter can stand alone.

Every chapter has the same shape:


•  It begins with a real object or a real question.

•  It explains the idea in short sections.

•  It ends with Five Things to Remember.

•  Then it lists Words to Know.

•  Then it gives you One Question to Think About. These questions do not have one right answer. They are for thinking, talking, and arguing.


Two words of warning before you begin.

First, scientists do not agree about everything in this book. That is normal. Science is not a finished list of facts. It is a slow argument that is checked against evidence. When the evidence is strong, this book says the idea is well established. When the evidence is thin, this book says the idea is still being studied. Please notice the difference.

Second, be careful with big numbers. A number like “one hundred million ton” sounds enormous. Whether it is actually a lot depends on what you compare it with. Part Five of this book is mostly about learning to read such numbers properly.
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Prologue: The Copper Atom in Your Phone

[image: ]


Pick up a phone.

Somewhere inside it, thinner than a hair, there is a line of copper. Electricity runs along that line every time the screen lights up.

Now pick one single copper atom out of that line and follow it backward in time.

A few years ago it was a sheet of pure copper in a factory.

Before that it was a block of copper at a refinery, being cleaned by electricity until almost nothing else was left in it.

Before that it was a gray powder called concentrate, shipped in a container.

Before that it was inside a rock. The rock had been crushed into sand and then into dust. The copper made up less than one part in a hundred of that rock. You could not have seen it. You could not have felt it. A hand holding that rock would have felt only rock.

Before that the rock sat underground for millions of years.

Before that it was not rock at all. It was hot salty water, deep under a volcano, carrying copper along cracks. When that water cooled, the copper came out of the water and stuck to the walls of the cracks. That is the moment the deposit was born.

Before that the copper was scattered through molten rock, one lonely atom among millions of other atoms.

Before that it was part of the young Earth, still hot and half-melted, sorting itself into layers.

Before that it was a speck of dust in a flat, spinning cloud around a brand-new Sun.

Before that it drifted in the cold space between stars, for a very long time.

And before that — this is the strange part — it was not copper at all.

It was made. Inside a star. In a place hot enough and violent enough to build one kind of atom out of others.

That star died before the Sun was born. What it threw out became part of the cloud that made us.

So the copper in your phone is older than Earth. It is older than the Sun. It came from a star whose name nobody will ever know.

This book tells that story from beginning to end.



Part One: Before There Were Metals
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Chapter 1. The Big Bang: A Universe Without Iron
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Imagine a universe with no iron in it. No copper. No gold. No nickel. Essentially none of any of them, anywhere.

That is not a fantasy. That is the earliest stage of the universe that current science can describe with confidence.

1.1 What the Big Bang was

People often picture the Big Bang as a bomb going off in empty space. That picture is wrong, and it is worth fixing right away.

There was no empty space around it. Space itself was part of the event. The Big Bang was not an explosion in space. It was the beginning of space stretching everywhere at once.

There was also no center. Every place in the universe was inside the Big Bang. If you could stand anywhere in the universe today and look outward, you would see galaxies moving away from you in all directions. That is not because you are at the center. It is because space itself keeps stretching, everywhere, at the same time.

The simplest honest description is this: the early universe was extremely hot and extremely dense, and it has been expanding and cooling ever since.

1.2 Playing the film backward

How do we know? Mostly by running the film backward.

Today we can see that distant galaxies are moving away from us. The further away a galaxy is, the faster it moves away. If everything is spreading apart now, then in the past everything was closer together. Push that far enough back and you reach a moment when everything was packed together and unimaginably hot.

We also see a faint glow of microwave radiation coming from every direction in the sky. It is very cold now, only a few degrees above the lowest possible temperature. It is the leftover heat of that hot beginning, stretched out and cooled by billions of years of expansion.

And when we measure how much helium there is in the universe, the amount matches what the hot beginning should have produced. Three separate kinds of evidence, pointing the same way. That is why scientists take this picture seriously.

1.3 Too hot for atoms

For the first few minutes, the universe was far too hot for atoms to exist.

An atom needs a tiny heavy center with lighter particles held around it. In the early universe, everything was moving too fast to be held to anything. Particles smashed apart as fast as they came together.

As the universe expanded, it cooled. Cooling is the key to this whole chapter. Every new thing that appears in this story appears because the universe got cool enough to allow it.

1.4 The first nuclei

A few minutes after the beginning, the universe reached a temperature where the centers of atoms — called nuclei — could finally stick together and survive.

This period was short. It lasted only a few minutes. But it set the recipe for everything that came later.

What came out of it:


•  Hydrogen, by far the most common. Its nucleus is a single particle.

•  Helium, the second most common. Roughly a quarter of the ordinary matter by weight.

•  Tiny traces of lithium, and even smaller traces of a few other light things.


That is nearly the whole list.

No iron. No copper. No nickel. No silver. No gold. No meaningful amount of any of them.

1.5 Why did it stop so early?

This is the question that decides the shape of the book.

Building bigger nuclei means adding more particles. But nature has a gap right after helium. There is no stable nucleus with five particles in it, and there is no stable nucleus with eight. So the natural next steps up the ladder simply are not there. Anything that formed at those sizes fell apart almost instantly.

To get past that gap you need a special trick, and that trick needs time and a very particular set of conditions.

The early universe had neither. It was expanding fast and cooling fast. Within a few minutes it was already too cool and too thin for nuclei to keep joining.

The window slammed shut. The universe was left with a simple recipe: mostly hydrogen, some helium, a trace of lithium.

1.6 Nuclei came first; atoms came much later

Making a nucleus is not the same as making an atom.

A complete atom needs electrons settled around the nucleus. For hundreds of thousands of years the universe was still too hot for that. Electrons flew around loose, and light could not travel far without bouncing off them. The universe was glowing and foggy.

Then, after a few hundred thousand years, it cooled enough that electrons could finally settle around nuclei. The fog cleared. Light could travel freely for the first time.

That light is the microwave glow we still detect today.

1.7 The dark ages

After the fog cleared, something strange happened: the universe went dark.

There were no stars yet. There was nothing to make light. There was only a huge, dark, slowly cooling cloud of hydrogen and helium, spreading out and getting thinner.

Astronomers call this the cosmic dark ages. It lasted for a very long time — many millions of years.

The first light of the first star ended it. That is Chapter 6.

1.8 A confusing word: “metal”

Here is a warning that will save you trouble later.

Astronomers use the word metal in a way that would horrify a chemist. To an astronomer, a “metal” is any element heavier than helium. Oxygen is a metal. Carbon is a metal. Nitrogen is a metal.

To a chemist, none of those are metals at all.

Both groups are right inside their own subject. This book will always tell you which meaning is being used. When you read that the early universe had “no metals,” that is the astronomer’s meaning — it had almost nothing heavier than helium.

1.9 What was missing

Think about what the recipe of the early universe leaves out.

No oxygen, so no water and no rock.

No carbon, so no living things.

No silicon, no magnesium, no aluminum, so no minerals and no soil.

No iron, no nickel, no copper, so no planet core, no ore deposit, no wire, no tool, no machine.

The early universe could not have made Earth even if it had wanted to. The building materials did not exist.

1.10 The first inheritance

Still, the Big Bang gave the universe something priceless: an enormous supply of hydrogen and helium.

Hydrogen is the fuel of stars. Helium is the first step of the ladder that leads to everything heavier.

The Big Bang did not build the metals. It built the factory’s fuel supply, and then it waited.

Five Things to Remember

	The Big Bang was not an explosion inside space. It was the beginning of space itself stretching, everywhere at once.

	The very early universe was too hot for atoms. It had to cool before anything could stick together.

	In its first few minutes it made mostly hydrogen, plus helium, plus a trace of lithium.

	Building stopped early because there is a gap in nature just past helium, and because the universe cooled too fast to get past it.

	Every heavier element — including every metal in this book — had to be made later, somewhere else.


Words to Know

Nucleus — the tiny, heavy center of an atom. Big Bang nucleosynthesis — the few minutes in the early universe when the first nuclei formed. Cosmic dark ages — the long stretch of time after the fog cleared and before the first stars lit up. Metal (astronomer’s meaning) — any element heavier than helium.

One Question to Think About

The early universe made helium easily but could not get past it. Later, stars did get past it. What do you think a star has that the early universe did not?

​
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Chapter 2. What Is an Atom?
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You cannot follow a metal atom through the universe unless you know what an atom is.

This chapter is the toolbox. Everything after it uses these tools.

2.1 Three particles

An atom is built from three kinds of particle.


•  Protons sit in the center. They carry a positive electric charge.

•  Neutrons also sit in the center. They carry no charge at all.

•  Electrons move around the outside. They carry a negative charge and they are far lighter than the other two.


The center — protons and neutrons packed together — is the nucleus.

2.2 An atom is mostly empty

Atoms are very small, and they are also very empty.

Picture a large sports stadium. Now put a single pea on the center spot. That pea is the nucleus. The rest of the stadium, all the way to the top row of seats, is where the electrons are.

Nearly all the weight is in the pea. Nearly all the space is not.

When you knock on a table, your hand does not touch anything solid in the way you imagine. It feels the electrons of the table pushing back against the electrons of your hand.

[image: Diagram of an atom showing a tiny dense nucleus of protons and neutrons at the center of a much larger, mostly empty electron cloud.]

Figure 1. An atom is mostly empty space. Nearly all the mass sits in the nucleus.

2.3 Protons decide which element it is

This is the single most important rule in chemistry.

The number of protons decides which element an atom is. Nothing else does.

One proton means hydrogen. Six protons means carbon. Twenty-six protons means iron. Twenty-nine means copper. Seventy-nine means gold.

That number is called the atomic number, and it can never change without changing the element itself. If you add a proton to a gold atom, you no longer have gold.

2.4 Neutrons change the weight, not the name

Neutrons are the flexible part.

Two atoms can have the same number of protons but different numbers of neutrons. They are still the same element. They behave the same way in chemistry. But they weigh slightly different amounts.

These versions are called isotopes.

Every iron atom has twenty-six protons. But some iron atoms have thirty neutrons, and some have twenty-eight, and some have thirty-two. All of them are iron.

[image: Diagram comparing isotopes of iron: the same 26 protons with different neutron counts, changing the mass but not the element.]

Figure 2. Isotopes of iron. The proton count fixes the element; neutrons change only the weight.

This matters enormously later on. Isotopes are how scientists work out where an atom was made and how old a rock is. They are fingerprints.

2.5 Stable and unstable

Some isotopes last forever, as far as we can tell. They are stable.

Others are not. Their nuclei eventually break down and change. They are radioactive, and the change is called decay.

Each radioactive isotope decays at its own steady, predictable rate. That reliability is what turns them into clocks. Chapter 21 uses those clocks to date ore deposits.

Radioactive does not automatically mean dangerous, and stable does not automatically mean safe. Danger depends on the type of decay, the speed of it, the amount present, and whether it gets inside your body.

2.6 Electrons do the chemistry

Protons and neutrons decide what an atom is. Electrons decide what it does.

Every chemical reaction — rusting, burning, digesting food, a battery running a phone — is electrons being shared, swapped, or shifted between atoms. The nucleus takes no part.

This is why the same element can appear in so many different substances. Iron in a nail, iron in rust, iron in your blood: same nucleus every time, different electron arrangements.

2.7 Ions: atoms with a charge

A normal atom has as many electrons as protons. The charges cancel out and the atom is electrically neutral.

But atoms can lose or gain electrons.


•  Lose an electron and you have too few negatives. The atom becomes positive.

•  Gain an electron and you have too many negatives. The atom becomes negative.


Either way, the charged atom is called an ion.

Metals almost always form positive ions. They tend to give electrons away rather than take them. This one habit explains a great deal about how metals behave inside rocks and inside batteries.

2.8 Three different ways to change an atom

Students mix these up constantly, so here they are side by side.

Change the protons — you get a completely different element. This only happens in nuclear reactions, inside stars, in radioactive decay, or in a reactor.

Change the neutrons — you get a different isotope of the same element. Same chemistry, different weight.

Change the electrons — you get an ion, or a chemical bond. Same element, same isotope, different behavior.

Chemistry only ever does the third one.

2.9 Why this matters to the whole book

Keep these three connections in mind and the rest of the book will make sense.

The protons tell you what the element is. That is the identity that never changes.

The neutrons record where it came from. Isotope patterns are how scientists trace an atom back to the kind of star or the kind of explosion that made it.

The electrons decide where it ended up. Whether a metal sank into Earth’s core, hid inside a crystal, dissolved in hot water, or conducts electricity in your phone — all of that is electron behavior.

The nucleus explains the past. The electrons explain the present.

Five Things to Remember

	An atom has protons and neutrons in a tiny central nucleus, with electrons around the outside, and it is mostly empty space.

	The number of protons decides which element it is. Change that, and you change the element.

	Atoms of one element with different numbers of neutrons are isotopes. Same element, different weight.

	Some isotopes are stable and some are radioactive. Radioactive ones decay at steady rates, which makes them useful as clocks.

	Electrons do all of chemistry. Losing or gaining them makes an ion, and metals nearly always become positive ions.


Words to Know

Atomic number — the number of protons; the element’s identity. Isotope — same element, different number of neutrons. Radioactive decay — the steady breakdown of an unstable nucleus. Ion — an atom that has lost or gained electrons and therefore carries a charge.

One Question to Think About

Iron in a nail and iron in your blood have exactly the same nucleus but behave completely differently. What does that tell you about which part of the atom controls behavior?
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Chapter 3. Reading the Periodic Table
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The periodic table looks like a wall chart you are supposed to memorize. It is not. It is a map.

Once you can read it, it tells you what an element will probably do before you have ever met it.

3.1 What is in a box

Each box on the table holds one element, and usually shows three things: a symbol of one or two letters, a name, and the atomic number.

Some symbols look wrong until you know they come from Latin. Iron is Fe, from ferrum. Copper is Cu, from cuprum. Gold is Au, from aurum. Silver is Ag, from argentum. Tungsten is W, from the German Wolfram.

3.2 The one organizing rule

The elements are laid out in order of atomic number — the proton count. Left to right, row by row, the number goes up one at a time. There are no gaps and no skipped numbers.

That is the whole rule. Everything else on the table is a pattern that appears because of it.

3.3 Rows and columns mean different things

Rows go across. A row is called a period. Moving right along a row, each element has one more proton than the last, and the properties change gradually.

Columns go down. A column is called a group, and this is the useful part. Elements in the same column tend to behave alike.

The far left column contains soft, extremely reactive metals. The column second from the right contains gases that will react with almost nothing. Knowing the column tells you a lot about the element.

3.4 Why “periodic”?

The name comes from a repeating pattern.

Go along the table and you find a very reactive metal, then a series of elements whose behavior shifts step by step, then a gas that reacts with almost nothing. Then it starts again. And again.

That repeating cycle is why it is called periodic. It happens because of how electrons arrange themselves around atoms, and it repeats because those arrangements repeat.

3.5 Where the metals are

Look at the shape of the table.

Most of it is metals. The left side and the whole wide middle are metals. This is the bigger part by far.

The top right corner is nonmetals. Oxygen, nitrogen, carbon, sulfur, chlorine and the unreactive gases live there.

Between them runs a rough staircase of in-between elements called metalloids. Silicon is the famous one. They behave partly like metals and partly like nonmetals, which is exactly why silicon is useful in electronics.

[image: Periodic table map highlighting the s, p, d and f blocks, with the wide central d-block of transition metals emphasised.]

Figure 3. The blocks of the periodic table. This book lives in the wide d-block.

3.6 The middle block: where this book lives

The wide block in the center of the table is the d-block, and it holds the transition metals.

This is where the story of this book takes place. Look at what lives there:

Top row: scandium, titanium, vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc.

Second row: yttrium, zirconium, niobium, molybdenum, technetium, ruthenium, rhodium, palladium, silver, cadmium.

Third row: hafnium, tantalum, tungsten, rhenium, osmium, iridium, platinum, gold, mercury.

Read those names again. That is the list of metals that build our bridges, carry our electricity, run our engines, clean our exhaust, and store our energy.


3.7 The two rows underneath



3.8 The family resemblance










3.9 The table as a map for this book





Five Things to Remember

	The periodic table is ordered by proton count, and every other pattern in it follows from that.

	Rows are periods; properties change gradually along them. Columns are groups; elements in a column behave alike.

	Most elements are metals. Nonmetals cluster in the top right, with metalloids on the staircase between.

	The wide middle block holds the transition metals — the subject of this book.

	The two detached rows at the bottom are placed there to fit the page, not because they matter less.


Words to Know


One Question to Think About
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